Abstract. With the rapid growth of therapeutic monoclonal antibodies (mAbs), stringent quality control is needed to ensure clinical safety and efficacy. Monoclonal antibody primary sequence and post-translational modifications (PTM) are conventionally analyzed with labor-intensive, bottom-up tandem mass spectrometry (MS/ MS), which is limited by incomplete peptide sequence coverage and introduction of artifacts during the lengthy analysis procedure. Here, we describe top-down and middle-down approaches with the advantages of fast sample preparation with minimal artifacts, ultrahigh mass accuracy, and extensive residue cleavages by use of 21 tesla FT-ICR MS/MS. The ultrahigh mass accuracy yields an RMS error of 0.2-0.4 ppm for antibody light chain, heavy chain, heavy chain Fc/2, and Fd subunits. The corresponding sequence coverages are 81%, 38%, 72%, and 65% with MS/MS RMS error~4 ppm. Extension to a monoclonal antibody in human serum as a monoclonal gammopathy model yielded 53% sequence coverage from two nano-LC MS/MS runs. A blind analysis of five therapeutic monoclonal antibodies at clinically relevant concentrations in human serum resulted in correct identification of all five antibodies. Nano-LC 21 T FT-ICR MS/ MS provides nonpareil mass resolution, mass accuracy, and sequence coverage for mAbs, and sets a benchmark for MS/MS analysis of multiple mAbs in serum. This is the first time that extensive cleavages for both variable and constant regions have been achieved for mAbs in a human serum background.
Introduction
T herapeutic monoclonal antibodies (mAbs) constitute the fastest growing human therapeutics market class in recent years [1] . More than 40 mAbs have been approved by the US Food and Drug Administration (FDA) and European Medicine virtually identical for each isotype and initiates antibody-dependent, cell-mediated cytotoxicity (ADCC) [6] [7] [8] . To ensure safety and efficacy, therapeutic mAb primary sequence and post-translational modifications such as oxidation, deamidation, N-glycosylation, and heavy chain C-terminal lysine clipping are required for full characterization [1] .
Bottom-up liquid chromatography-tandem mass spectrometry (LC-MS/MS) is widely used for mAb characterization [9] [10] [11] [12] [13] [14] . That approach requires antibody reduction, alkylation, and enzymatic digestion, which are labor-intensive and introduce artifactual heterogeneities during lengthy sample preparation [15] . Alternatively, intact mAb top-down LC-MS/MS offers the advantages of fast sample preparation and minimal artifacts [16] [17] [18] [19] [20] . However, the sequence coverage with electron transfer dissociation (ETD) and collision induced dissociation (CID) decreases dramatically for large proteins. Thus, a middle-down approach beginning with limited proteolysis of a large protein produces subunits that are more amenable to MS/MS analysis [21, 22] . Direct mAb disulfide bond reduction yields free light chains and heavy chains. The immunoglobulin G-degrading enzyme from Streptococcus pyogenes (IdeS) specifically cleaves mAb at the hinge region, generating three uniquẽ 25 kDa subunits (Fc/2, LC, and Fd) after disulfide bond reduction for MS/MS analysis ( Figure 1 ) [23] .
Here, we describe the application of nano-LC 21 tesla FT-ICR MS, top-down MS/MS (light chain, heavy chain), and middle-down (light chain, heavy chain Fc/2, and Fd subunits after protease digestion) MS/MS to characterize therapeutic monoclonal antibody with ultrahigh mass accuracy and extensive residue cleavages. This method detects, characterizes, and quantitates mAb in human serum at concentrations corresponding to those in patients with monoclonal gammopathy. The concentrations in our monoclonal gammopathy model (see below) extend from 0.2 to 16.9 μM. Furthermore, successful blind identification of each of five therapeutic monoclonal antibodies in human serum shows the potential of this approach for future analysis of monoclonal antibodies in clinical samples. Mass error from the software (Xtract and THRASH) deconvolution is discussed, and deconvolution algorithm optimization is needed to match the low mass error from the 21 T FT-ICR MS/MS.
Experimental

Materials
Human serum was purchased from EMD Millipore (Billerica, MA, USA). All therapeutic mAbs were obtained from the Mayo Clinic pharmacy. Tris(2-carboxyethyl)phosphine hydrochloride (TCEP-HCl), myoglobin, acetic acid (≥99.99%), and isopropyl alcohol (LCMS grade) were acquired from SigmaAldrich (St. Louis, MO, USA). Water (LCMS grade) and acetonitrile (ACN, LCMS grade) were obtained from Honeywell Burdick and Jackson (Muskegon, MI, USA).
Immunoglobulin Reduction
Immunoglobulins were purified from human serum by use of Melon Gel (Thermo Fisher Scientific, Waltham, MA, USA) Figure 1 . Scheme for (light chain (LC), heavy chain (HC)) and middle-down (light chain, heavy chain Fc/2, and Fd subunits after protease digestion) top-down MS/MS to characterize therapeutic monoclonal antibodies according to the manufacturer's protocol and further desalted with an Amicon Ultra-0.5 Centrifugal Filter Unit with Ultracel-10 k (10 kDa molecular weight cutoff) membrane (EMD Millipore, Darmstadt, Germany). Final volume was~20 μL. Eleven μL 10 mM TCEP in 0.1% (v/v) acetic acid in water was added to 1 μL sample and incubated at 75°C for 15 min to produce intact antibody light (~24 kDa) and heavy (~50 kDa) chains. For pure monoclonal immunoglobulin analysis (no human serum), adalimumab was reduced with 10 mM TCEP directly. Samples were acidified with 228 μL 1% (v/v) acetic acid to pH~2 prior to nano-LC ESI MS/MS analysis.
Immunoglobulin IdeS Digestion and Reduction
One unit of IdeS (FabRICATOR; Genovis, Cambridge, MA, USA) was added per microgram of IgG and incubated at 10 μg/ μL at 37°C for 30 min as instructed by the manufacturer. Following digestion, samples were reduced with TCEP and acidified as described above. The effects of these treatments are shown schematically in Figure 1 .
Liquid Chromatography and Mass Spectrometry Conditions
A Waters Acquity UPLC M-Class System (Milford, MA, USA) was used for separation. A custom-fabricated trap column (3 cm × 150 μm, packed with 5 μm spherical diameter Poroshell 300 SB-C8 stationary phase, Agilent Technologies, Santa Clara, CA, USA) was used for sample desalting, and an analytical column (15 cm × 75 μm, packed with 5 μm Poroshell 300 SB-C8 stationary phase) was used for on-line separation of immunoglobulins prior to ionization. Mobile phase A consisted of 0.1% formic acid in 5% ACN and 95% water. Mobile phase B was 0.1% formic acid in 5% water, 47.5% ACN, and 47.5% isopropyl alcohol. Samples (1.7 fmol-2 pmol mAb) were loaded onto a trap column with 5% B at a flow rate of 2.5 μL/min for 15 min. Separation was then performed with a steep linear gradient from 5% B to 30% B over 5 min followed by a shallow linear ramp from 30% B to 60% B over 30 min at a flow rate of 0.3 μL/min.
Mass spectra were acquired with our custom-built 21 T FT-ICR mass spectrometer [24] . The electrospray ionization (ESI) source voltage was 3-4 kV, and heated capillary temperature was 325°C. Fragmentation was performed by either electron transfer dissociation (ETD) or collision-induced dissociation (CID) in the Velos Pro linear ion trap. CID and ETD were performed as separate LC-MS/MS experiments. The automatic gain control (AGC) target was set at 1 million charges (1E6) for MS 1 (3 million precursor ion charges (3E6) for mixed therapeutic mAbs in a serum sample), 0.75 million charges (7.5E5) for CID MS/MS, and 0.2 million charges (2E5) for ETD MS/ MS. AGC for ETD reagent (fluoranthene radical anions) was set to 0.4 million ions (4E5) with~5 ms injection period prior to reaction with analyte at a ratio of 2:1. An external quadrupole ion storage device was used to accumulate larger ion populations (3 million charges for product ions) with multiple fills from the Velos Pro MS prior to delivery to the ICR cell.
Broadband mass spectra were acquired from m/z range 650-2000 with 0.76 s time-domain acquisition period and two microscans for adalimumab reduced with TCEP or one microscan for other samples, and product ion spectra were acquired from m/z 300-2000 with 0.38 s acquisition period and four microscans. All data were stored as .raw files. All time-domain data were Hanning apodized, zero-filled, and fast Fourier transformed in magnitude mode. Frequency-to-m/z conversion was performed with a two-term calibration equation [25, 26] . Mass calibration was performed with myoglobin (13+ to 24+ charge states) for m/z ranges 290-2000 and 650-2000.
Data Analysis
Data were manually interpreted by use of Xcalibur 2.1 software (Thermo Fisher Scientific), and chi-square values were calculated in R 3.2.1 for isotopologue abundances from light chain, heavy chain, heavy chain Fc/2, and Fd subunits to evaluate the goodness-of-fit to the corresponding simulated mass spectra. Sequence coverage was determined by Xtract deconvolution and fragments matched to the putative sequence by use of ProSight Lite (10 ppm fragment mass tolerance) [27] . Xtract parameters were set as follows: neutral monoisotopic masses generated from deconvolution, fit factor 44%, remainder 25%, resolving power at m/z 400 set to 150,000, S/N threshold 2, Max charge 25 for light chain, heavy chain Fc, and Fd subunits, and 50 for heavy chain. For identification of mixed therapeutic monoclonal antibodies in human serum, ETD and CID spectra were averaged in Xcalibur and exported as .raw files. ETD and CID fragments were deconvolved with ProSightPC 3.0 (ThermoFisher Scientific) embedded THRASH program with the following parameters: minimum signal-to-noise ratio 2, minimum RL value 0.9, maximum mass 24,000 Da, and maximum charge 25. A database containing human proteins (UniProt, November/2016; 20,161 entries) and 31 FDAapproved therapeutic mAb light chains was created, and ProSightPC was used to search the CID and ETD fragment ion mass spectra against that database under BAbsolute Massm ode. The search parameters were: monoisotopic precursor mass type with 2.2 Da tolerance, monoisotopic fragment mass type with 10 ppm tolerance, Δm and disulfide off.
Results and Discussion
Adalimumab Light Chain and Heavy Chain Figure 2 shows mass spectra for the light chain (top) and heavy chain (bottom) of reduced adalimumab obtained with our 21 T FT-ICR mass spectrometer over~2 min chromatographic peak width. The mass spectrum (Figure 2a) shows the charge state distribution for the light chain, ranging from 14+ to 32+. The mass scale-expanded segment for the light chain 23+ charge state ( Figure 2b ) fits closely to the mass spectrum simulated from the known elemental composition with IsoPro 3.1 (https:// sites.google.com/site/isoproms/) (isotopologues abundance χ highest magnitude peak is 23,411.652 Da, 0.2 ppm (0.005 Da) from the calculated mass, 23,411.647 Da. Furthermore, the 17 highest-magnitude peaks (each at least 6σ higher than RMS baseline noise) from the 23+ charge state were assigned with RMS error of 0.3 ppm, and the 119 peaks from the seven highest magnitude charge states were assigned with RMS error of 0.2 ppm. The RMS error for a single mass spectrum (2 μS/ spectrum) of light chain was 0.2 ppm. The heavy chain charge state distribution (c) ranges from 34+ to 66+. The mass scaleexpanded segment for the heavy chain 48+ charge state most abundant form (G0F glycosylation at asparagine 301 without C-terminal lysine, K0G0F) ( Figure 2d ) fitted closely to the simulated mass spectrum, and the intact heavy chain isotopic distribution extends beyond the distribution calculated from the known sequence, presumably due to e.g., oxidation, disulfide bond reformation, and deamidation (most abundant 17 isotopologue abundances χ 2 value 0.0219). The nine highest magnitude peaks from the 48+ charge state were assigned with RMS error of 0.4 ppm (abundance χ 2 value 0.0031, d), and the 117 peaks from the 13 highest magnitude charge states were assigned with RMS error of 0.4 ppm. The RMS error for a single mass spectrum (2 μS/spectrum) of heavy chain was 0.5 ppm. The 48+ charge state was further isolated for better characterization, with three forms observed ( Figure 3 ): the most abundant form K0G0F, G1F glycosylation without C-terminal lysine (K0G1F), and G0F glycosylation with one C-terminal lysine (K1G0F). The RMS errors were 0.2 ppm and 0.5 ppm for a single mass spectrum (2 μS/spectrum) of light chain (23+ charge state) and heavy chain (48+ charge state).
CID and ETD MS/MS of Adalimumab Light Chain and Heavy Chain
The adalimumab light chain 24+ charge state was chosen (isolation window width = 15 Th) for CID and ETD fragmentation in the linear ion trap [21] . Normalized collision energies 1 min light chain elution window included 44 ETD product ion spectra (2.9 s/spectrum) and 124 CID product ion spectra (1.0 s/spectrum). The 1.9 min heavy chain elution window included 32 ETD product ion spectra (3.6 s/spectrum) and 56 CID product ion spectra (2.0 s/spectrum). Figure 4 shows fragmentation maps for the adalimumab light chain and heavy chains. Amino acid sequence coverages for adalimumab light and heavy chain, based on combined results from eight targeted nano-LC FT-ICR MS/MS experiments with various collision energies and ETD activation periods, were 81% for light chain and 38% for heavy chain. Extensive cleavage is evident for the variable regions of both light and heavy chains, and the heavy chain N-glycosylation site is localized. Supplementary Figures SI-2 and SI-3 show the assigned fragment RMS mass errors for the light chain (2.9 ppm for 498 assigned CID fragments and 3.0 ppm for 474 assigned ETD fragments) and the heavy chain (4.7 ppm for 101 assigned CID fragments and 4.1 ppm for 242 assigned ETD fragments). Amino acid sequence coverages based on one targeted nano-LC FT-ICR MS/MS experiment with ETD fragmentation (activation period 10 ms) and one targeted nano-LC FT-ICR MS/MS experiment with CID (collision energy 45 with q-activation 0.25) were 66% for light chain and 22% for heavy chain (Supplementary Figure SI-4) .
IdeS-Digested Adalimumab Subunits
IdeS digestion of adalimumab followed by TCEP reduction yields three unique fragments: the Fc/2 fragment containing the heavy chain constant region, the Fd fragment containing the heavy chain variable region, and the light chain (see Figure 1 ). Figure 5 shows the total ion current (TIC) chromatogram for 0.25 pmol IdeS-digested and TCEP-reduced adalimumab. The three subunits are chromatographically baseline-separated, with baseline-resolved broadband mass spectral isotopic distributions (charge states 18+ to 34+). The light chain is the largest area mass spectral peak, followed by Fc/2 and Fd. The difference in ion abundance between light chain and heavy chain subunits may be caused by incomplete IdeS digestion, and the difference between abundances of Fc/2 and Fd subunits could result from different ionization efficiency. The isotopic distributions for the Fc/2 and Fd 28+ charge states fit (isotopologue abundances χ 2 value 0.0037 and 0.0095) those simulated from the known elemental compositions (Figure 6, top) . The experimental mass for the Fc/2 and Fd 28+ charge state highest magnitude peaks are 25203.532 Da and 25457.562 Da, deviating by only -0.1 ppm (-0.002 Da) and -0.3 ppm (-0.008 Da) from their corresponding calculated masses. The 17 highestmagnitude peaks for the 28+ charge state were assigned with RMS error of 0.3 ppm for both subunits. Finally, the 119 peaks from the seven highest-magnitude charge states were assigned with RMS error of 0.4 ppm, 0.3 ppm, and 0.3 ppm for Fc/2, LC, and Fd. The RMS errors for a single mass spectrum (1 μS/spectrum) of Fc/2 (28+ charge state), light chain (26+ charge state), and Fd (28+ charge state) were 0.4 ppm.
The 28+ charge state of the adalimumab heavy chain Fc/2 and Fd fragments generated by digestion with IdeS were chosen (isolation window width 15 Th) for CID and ETD fragmentation, with normalized collision energies of 35, 40, and 45 with qactivation 0.25 for CID, and activation period ranging from 3 to 20 ms for ETD. The 1.5 min Fc/2 elution window included 32 ETD product ion spectra (2.9 s/spectrum) and 80 CID product ion spectra (1.1 s/spectrum). The 1.3 min Fd elution window included 24 ETD spectra (3.3 s/spectrum) and 60 CID product Figure SI-6 ) were 3.0 ppm for 117 assigned CID fragments, and 3.3 ppm for 337 assigned ETD fragments. Amino acid sequence coverages based on a single ETD spectrum (activation period 10 ms, 4 μS) were 37% for Fc/2, 45% for light chain, and 39% for Fd. A single LC-MS/MS run with three ETD activation periods 5 ms, 10 ms, and 15 ms yielded sequence coverage of 58%, 61%, and 50% for Fc/2, light chain, and Fd. After combining the result from a second LC-MS/MS run with CID (normalized collision energy 45 with q-activation 0.25 and 0.4), the corresponding sequence coverages were 68%, 70%, and 59% (Supplementary Figure SI-7) .
Adalimumab Spiked into Human Serum as a Model for Patients with a Monoclonal Gammopathy
Monoclonal gammopathy is a term used to describe a B cell proliferative disorder characterized by a plasma cell clonal expansion. If there is clinical suspicion of a monoclonal gammopathy, serum and urine are tested for the presence of elevated levels of a monoclonal immunoglobulin secreted by clonal plasma cells [28] [29] [30] . The mAb concentration is below 30 g/L (204 μM) in monoclonal gammopathy of undetermined significance (asymptomatic, monitored yearly for multiple myeloma prognosis), and from 30 g/L (204 μM) to >70 g/L (476 μM) in multiple myeloma [31] . The current clinical laboratory methods for detecting serum monoclonal antibodies include serum protein electrophoresis (SPEP) and immunofixation electrophoresis (IFE) with detection limit of~0.3 g/L (2 μM) [32] . Recently, Barnidge et al. developed an LC-ESI Q-TOF MS-based platform for the rapid detection, quantification, and isotyping of monoclonal immunoglobulins from patients with monoclonal gammopathy [33] . Clonal plasma cells secrete identical immunoglobulins, each with the same amino acid sequence and, thus, the same molecular mass, enabling them to be monitored by mass spectrometry [34] [35] [36] [37] [38] [39] [40] [41] [42] .
The work presented here employs adalimumab spiked into human serum as a model for a monoclonal gammopathy biomarker assay, based on the exceptional separation, resolution, mass measurement accuracy, and sensitivity of nano-LC FT-ICR MS/MS. Figure 7a shows the mass spectra averaged over the known 0.5 min elution time window for the light chain from adalimumab taken from an injection of normal serum without adalimumab added. The mass spectrum exhibits a broad range of unresolved peaks representing the normal kappa and lambda polyclonal light chain background [43] . In contrast, serum 7 fmol loaded on column) , the signal-to-noise ratio for the adalimumab light chain 26+ charge state highestmagnitude isotopic peak was 14. Each broadband FT-ICR mass spectrum of adalimumab light chain was deconvolved with respect to both charge state and isotopic distribution, and the logarithm of deconvolved magnitude-mode peak height plotted as a function of logarithm of concentration (Figure 7d ), yielding a highly linear calibration curve (r 2 = 0.99). Compared with conventional mAb detection methods (SPEP, IFE), this nano-LC FT-ICR MS approach has the advantage of 10 times lower limit of detection. The lower limit of detection aids early diagnosis of disease and can be used to monitor the patient response after treatment (low mAb concentration in serum). Also, mAb can be quantified for multiple myeloma progression monitoring.
Identification of Mixed Therapeutic Monoclonal Antibodies in Human Serum
To demonstrate the feasibility of the present approach for monitoring the mAbs mixture in serum (a model for the monoclonal gammopathy case when more than one plasma cell clone exists), we analyzed normal human serum spiked with a mixture of five therapeutic monoclonal antibodies (1.3 μM for each mAb, 33 fmol of each mAb loaded on column). Our group was blind to the identity of the therapeutic mAbs present in the serum prior to analysis. One LC-MS was first performed to analyze the light chain elution and charge state distribution for 5 mAbs. Supplementary Figure SI-9 shows extracted ion chromatograms for the most abundant charge state for each of the five mAbs. For data acquisition, the 5 mAbs were divided into two groups (mAb 1, 3, 5 in group 1; mAb 2, 4 in group 2) based on their LC elution times (mAb2 and mAb3 co-eluted and thus were divided into two groups). Four LC-MS/MS experiments were performed: two to target precursors from group 1 with CID (normalized collision energy 35 and q-activation 0.25) and then with ETD (10 ms) fragmentation and two to target precursors from group 2 (again for CID and ETD fragmentation).
ProSightPC was used to search for ETD and CID fragments against a database constructed from the UniProt human protein database (20,161 entries) to which the sequences of 31 FDAapproved therapeutic mAb light chains were added. The 5 mAbs were correctly identified by ETD or CID as rituximab (mAb1), adalimumab (mAb2), vedolizumab (mAb3), infliximab (mAb4), and eculizumab (mAb5) in each case as the highest scoring result. Only mAb 2 returned more than one search result, and the second result was easily differentiated from the top search result based on accurate mass and variable region ETD/CID fragments, even though the calculated mass difference was only 1.5 ppm and sequence similarity was 94% between the top and the second highest scoring search results (Figure 8 ). The corresponding expectation values (E-values) for the 5 mAbs were 2.42E-39, 2.61E-69, 1.73E-67, 1.16E-69, and 1.57E-45 based on ETD fragment search, and 8.14E-22, 9.93E-39, 5.28E-31, 2.25E-34, and 4.95E-31 based on CID fragment search. The matched product ions yielded sequence coverages of 37%, 50%, 42%, 47%, 33% for rituximab, adalimumab, vedolizumab, infliximab, and eculizumab. The corresponding variable region sequence coverages were 21%, 39%, 28%, 36%, and 19% ( Supplementary Figure SI-10 ). The numbers of matched CID and ETD product ions for the light chains of the five spiked mAbs were 69 and 50 for rituximab, 110 and 79 for adalimumab, 80 and 68 for vedolizumab, 109 and 69 for infliximab, and 57 and 53 for eculizumab. Table 1 shows the most abundant isotopologue mass error and the RMS mass measurement error (~0.2 ppm) from 17 isotopologues from one charge state, along with the sequence coverage for each mAb light chain after search of the customized database.
Mass Errors from the Software Deconvolution Algorithm
We note that RMS mass errors for antibody subunit MS 1 and MS/MS fragments were surprisingly different (0.2-0.4 ppm versus 2.9-4.7 ppm). One difference is that MS 1 mass errors were determined from fitting the experimental mass spectrum to the mass spectrum simulated from antibody subunit known elemental composition, whereas MS/MS fragment mass errors were based on the mass difference between the assigned fragments and the calculated averagine distribution fitted to the observed isotopic distribution by the Xtract or THRASH algorithm. When antibody MS1 spectra were deconvolved with Xtract, the neutral monoisotopic mass errors for light chain (75 spectra averaged, two μscans/spectrum), heavy chain (68 spectra averaged, two μscans/spectrum), heavy chain Fc/2 (58 spectra averaged, one μscan/spectrum), and Fd subunits (39 spectra averaged, one microscans/ spectrum) were 1.3 ppm, 1.1 ppm, 1.4 ppm, and 1.7 ppm: i.e.,~3-5 times higher mass error than the corresponding broadband mass spectra RMS errors (0.2-0.4 ppm) before deconvolution.
Manual examination of fragment monoisotopic masses (before deconvolution) yielded 0.3 ppm RMS mass error, and the same fragments were assigned with 3.3 ppm RMS mass error after software (Xtract and THRASH) deconvolution ( Table 2 ). The current software deconvolution algorithm generates monoisotopic mass based on the molecular formula of averagine whose distribution is matched to the experimental mass spectrum, and the difference between the molecular formula of fitted averagine and protein/fragments leads to potentially high mass errors [44, 45] . Therefore, future software deconvolution algorithm improvement is needed to match the sample/fragment low mass errors from 21 T FT-ICR MS/MS.
The fragment RMS mass error (~4 ppm after deconvolution) provided correct identifications of proteins in our identification of mixed therapeutic monoclonal antibodies in human serum. However, fragment identification with lower mass errors (e.g., <1 ppm) will greatly improve protein assignment accuracy. For example, the mass differences for fragments c99, b116, b117, b118 between adalimumab and efalizumab ( Figure 8 ) are~3 ppm (0.03 Da), and a search window width less than 1 ppm will enable accurate assignment of the observed fragments-critical for future database searching and de novo sequencing.
Conclusion
Nano-LC 21 T FT-ICR MS/MS provides comprehensive analysis of monoclonal immunoglobulins with ultrahigh mass Figure 8 . Sequence comparison between adalimumab and efalizumab light chains. Two hundred two identical amino acids (out of 214 amino acids) yields 94% sequence similarity. The 12 variable region amino acids (in green) differentiate adalimumab from efalizumab. The mass difference between these two light chains is 1.5 ppm measurement accuracy and broad sequence coverage. Fast, simple, and inexpensive sample preparation (15 min Melon gel, 30 min spin filter cleanup, and 15 min TCEP reduction) enables extensive mapping of endogenous and exogenous immunoglobulins present above the polyclonal background. Using adalimumab as a model for high-abundance endogenous monoclonal immunoglobulin, we demonstrate that the light chain, heavy chain, and heavy chain IdeS-generated fragments can be extensively characterized, including N-glycosylation site localization, and three heavy chain isoforms (K0G0F, K0G1F, and K1G0F) [46] . We further extended the method to demonstrate the ability to quantify the intact light chain from a mAb in a polyclonal background matrix as a model for a patient with monoclonal gammopathy-a first for our nano-LC 21 T FT-ICR MS/MS instrument platform.
Pharma has invested extensively in high resolution, high mass measurement accuracy mass spectrometers for characterizing therapeutic mAbs. These high-end instruments routinely analyze therapeutic mAbs from the initial development state to production. However, most of the published methods describing the characterization of mAbs by use of high resolution mass spectrometers are performed in non-human matrices. The goal of this work was to evaluate the performance of our nano-LC 21 T FT-ICR MS/MS instrument for characterizing a mAb in human serum, in the hope of establishing a protocol for utilizing this unique instrumentation in situations for which mass spectrometers used in clinical laboratories would not suffice. Our findings demonstrate the widespread capabilities of this instrument platform, as evident from the outstanding mass measurement accuracy and extensive MS/MS fragmentation data, enabling confident assignment of therapeutic mAbs in the presence of a polyclonal background. The results shown here serve as a blueprint for future characterization of endogenous mAbs in patients with a variety of immune system disorders that cannot be achieved by gene sequencing alone. The results also represent a successful union of clinical laboratory expertise with a national analytical resource. 
